r CA3 pyramidal cells display input-specific differences in the subunit composition of synaptic NMDA receptors (NMDARs).
Introduction
The subunit composition of the tetrameric NMDA receptors (NMDARs) determines important functional properties, such as open probability and decay kinetics (Paoletti, 2011) . GluN2A and GluN2B sub-M. Carta and B. N. Srikumar are equal first authors. N. Rebola and C. Mulle contributed equally. units are the most prevalent subunits in the brain. Their presence with GluN1 either in heterodimers (GluN1-GluN2A or GluN1-GluN2B) or heterotrimers (GluN1-GluN2A-GluN2B) accounts in large part for the diversity in NMDAR subtypes found in the brain. The GluN2C and GluN2D subunits are abundantly expressed at early stages of development, or in selected neuronal populations in the adult brain (Monyer et al. 1994; Paoletti et al. 2013) . In the adult, particularly in the forebrain, synaptic NMDARs are predominantly either di-heteromeric GluN1-GluN2A or tri-heteromeric GluN1-GluN2A-GluN2B (Al-Hallaq et al. 2007; Gray et al. 2011; Rauner & Köhr, 2011; Tovar et al. 2013) .
It is well established that a switch in the subunit composition of synaptic NMDARs occurs during postnatal development from NMDARs containing primarily GluN2B to NMDARs containing both GluN2B and GluN2A (Sheng et al. 1994; van Zundert et al. 2004; Bellone & Nicoll, 2007; Rodenas-Ruano et al. 2012; K. Williams et al. 1993) . In neonatal synapses, but not in mature synapses, the GluN2 subunit composition of NMDARs can be rapidly and bidirectionally modulated in an activity-dependent manner through a mechanism involving postsynaptic Ca 2+ rise and mGluR5 activation (Bellone & Nicoll, 2007; Matta et al. 2011) . At mature synapses both GluN2A-and GluN2B-containing NMDARs are present, perhaps with each having distinct functional roles (Yashiro & Philpot, 2008; Paoletti et al. 2013) . Although the exact contribution of GluN2B and GluN2A to long-term potentiation (LTP) and long-term depression (LTD) has been debated (Paoletti et al. 2013) , synaptic GluN2B-containing NMDARs are thought to play an important part in NMDARdependent plasticity processes, because they exhibit higher fractional Ca 2+ current (Sobczyk & Svoboda, 2007) and they are preferentially tethered to the plasticity protein calcium/calmodulin-dependent protein kinase II (CaMKII) (Barria & Malinow, 2005) .
Beyond their well-established role in synaptic plasticity, NMDARs themselves undergo long lasting depression or potentiation (Rebola et al. 2010; Hunt & Castillo, 2012) . Mossy fibre-CA3 pyramidal cell (MF-CA3) synapses express a postsynaptic form of LTP which is selective for NMDARs (Kwon & Castillo, 2008; Rebola et al. 2008) . LTP of NMDARs (LTP-NMDAR) serves as a metaplastic switch making MF-CA3 synapses competent for generating NMDAR-dependent LTP of AMPA receptor (AMPAR) excitatory postsynaptic currents (EPSCs) (Rebola et al. 2011) , and controls heterosynaptic plasticity of associative/commissural (A/C) synapses (Hunt et al. 2013) . Immunocytochemical labelling with subunit-specific antibodies suggests that the subunit composition of synaptic NMDARs differs at A/C fibre-CA3 pyramidal cell (A/C-CA3) synapse and MF-CA3 synapses, with GluN2B being only scarcely expressed in the stratum lucidum (Fritschy et al. 1998; Watanabe et al. 1998) . The impact and dependence of LTP-NMDAR on this heterogeneous distribution of GluN2 subunits in CA3 pyramidal cells (PCs) is not known. We have examined the subunit composition of NMDARs at MF-CA3 synapses, its consequences for LTP-NMDAR and whether LTP-NMDAR is accompanied by a change in subunit composition. Using a combination of pharmacological and transgenic approaches, we have found that, although much less abundant than in A/C synapses, GluN2B significantly contributes to NMDAR-mediated excitatory postsynaptic currents (NMDAR-EPSCs) at MF-CA3 synapses. The present data indicates that GluN2B is essential for the expression of LTP of NMDARs at MF synapses. In addition, we observe that LTP-NMDAR leads to an increased content of GluN2B of MF NMDARs. Hence, activity-dependent insertion of GluN2B in synaptic NMDARs can be observed at mature synapses. This change in subunit composition could be key for the metaplastic switch to conventional LTP of AMPAR-EPSCs.
Methods

Ethical approval
Animal anaesthesia and euthanasia procedures were carried out in accordance with the Animal Protection Association of ethical standards and the French legislation concerning animal experimentation (authorization no. A33 12 061 and no. A33-063-917) and according to the guidelines of the University of Bordeaux/CNRS Animal Care and Use Committee. Wild-type (C57bl6J) and mutant (Grin2A-KO, Grin2D-KO and Grin2b fl/fl ) mice of both sexes aged P19-35 were used in this study. Mice were given access to water and food at libitum. All efforts were made to minimize the animals' pain and suffering and to reduce the number of animals used in this study.
The authors understand the ethical principles under which The Journal of Physiology operates and the present work complies with the animal ethics checklist outlined in Grundy (2015) .
In vivo postnatal viral injection
Stereotaxic viral injections were performed in P21 Grin2b fl/fl mice (gift from Prof H. Monyer, University of Heidelberg, Germany). The use of this mouse line allowed us to study the consequences of GluN2B removal in CA3 PCs in the adult brain without interfering with its role in development (Akashi et al. 2009 ). Mice were anaesthetized in a Plexiglas chamber filled with 4% gaseous isoflurane (Temsega, Pessac, France). Mice were then placed on a Kopf stereotaxic apparatus equipped with ear bars and a specialized nose cone for continuous inhalation of 1.5% isoflurane and kept warm (37°C) during all the surgery via a heating pad connected to a DC temperature controller provided with a feedback system (FHC, Bowdoin, ME, USA). Before surgery, the mouse reflexes were tested to ensure that they were in the surgical plane of anaesthesia, eyes were protected from the light by a lubricant and the analgesic buprenorphine (30 μg ml −1 ) was injected subcutaneously.
The skull was completely exposed by incising with a scalpel through the skin along the medial line and then removing the connective tissue. The head was adjusted so that the height of the skull surface at bregma and lambda was the same (±0.04). Stereotaxic coordinates of CA3 PC layers were calculated from bregma using an atlas (lateral ±2.0 mm; antero-posterior −2 mm; dorso-ventral (Z) −1.8-2.0 mm). The injections sites were precisely located with a binocular microscope.
We used a rAAV2.9 (titre 1.33 11 ) virus expressing Cre recombinase, in order to induce the recombination of the double floxed gene, together with green fluorescent protein (GFP) allowing us to visualize the infected neuron. Injections were performed via a 10 μl nano-fil syringe from World Precision Instrument (Stevenage, UK) using a 34 gauge metal needle and the volume was controlled with an injection pump. A volume of 350 nl per hemisphere at 50 nl min −1 was injected. For thorough diffusion of the injected volume, the needle was left inside the brain for an additional 5 min after the end of the injections. Then the needle was carefully retracted, the skull was cleaned with sterile saline and the skin sutured and cleaned with betadine. After surgery, mice received intraperitoneal injection of saline solution in order to be rehydrated and returned to the home cage; they were used for electrophysiological recording 14-20 days later (Kaspar et al. 2002; Gray et al. 2011) .
Slice preparation
Parasagittal hippocampal slices (310-330 μm thick) were obtained from P19-21 mice of both sexes for GluN2A and GluN2D KO mice and ß35 days-old for Grin2b fl/fl mice infected with the rAAV2.9-Cre-GFP at P19-21. Mice were anaesthetized with intraperitoneal ketamine-xylazine injection (75 and 10 mg per kg, respectively). After checking their reflexes, decapitation was performed. The brain was quickly removed and immersed in ice-cold cutting solution (the composition is given below). The hemispheres were separated by a sagittal cut in the corpus callosum and each one was glued and mounted on the vibrating blade microtome (Leica VT 1200S, Leica Microsystems, Wetzlar, Germany). Brain slices were made with a razor blade with an angle of ß17 deg at 0.05 mm s −1 . All the preparation was performed under oxygenation (95% O 2 and 5% CO 2 ), in an ice-cold cutting solution. For P19-21 mice, the cutting solution was composed of (in mM): 220 sucrose, 2 KCl, 1.3 NaH 2 PO 4 , 12 MgCl 2 , 0.2 CaCl 2 , 10 glucose, 26 NaHCO 3 . For ßP35 the following solution was used (in mM): 87 NaCl, 25 NaHCO 3 , 25 glucose, 75 sucrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , and 7 MgCl 2 . Right after slicing, slices were transferred into a bath at 35°C during 30 min for recovery, and were then placed at room temperature for the rest of the day.
Electrophysiological recordings
Slices were transferred to a recording chamber in which they were continuously superfused with an oxygenated extracellular medium (95% O 2 and 5% CO 2 ) containing (mM): 125 NaCl, 2.5 KCl, 2.3 CaCl 2 , 1.3 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 20 glucose, pH 7.4. Bicuculline (10 μM) and CGP 55845 (3 μM) were present in all experiments in order to block GABA A and GABA B receptors, respectively. Recordings were performed at room temperature in voltage-clamp or current-clamp mode from CA3 PCs using borosilicate pipettes (Harvard apparatus 1.5 mm OD × 0.86 mm ID) pulled with a micropipette puller (P97, Sutter Instruments, Novato, CA, USA), which had resistances between 3 and 4.5 M . The patch electrodes were filled with a solution containing (mM): 140 CsCH 3 SO 3 , 2 MgCl 2 , 4 NaCl, 5 phospho-creatine, 2 Na 2 ATP, 0.2 EGTA, 10 Hepes, 0.33 GTP, pH 7.3 adjusted with CsOH.
Evoked EPSCs were recorded in CA3 PCs in the whole-cell patch clamp mode by stimulating with a glass pipette either positioned in the stratum radiatum to stimulate A/C fibres or in the dentate gyrus to stimulate MFs. At the end of each experiment (2S,1'S,2'S)-2-(Carboxycyclopropyl)glycine (LCCG-I) (10 μM), an mGluR2 agonist, was used to verify the MF origin of the EPSCs.
MF-CA3 EPSCs were evoked by minimal intensity stimulation according to the protocol described previously (Marchal & Mulle, 2004; Sachidhanandam et al. 2009) . A glass microelectrode was placed in the hilus of the dentate gyrus to stimulate MFs. While recording from a CA3 PC, the stimulating electrode was moved to a position where a clear-cut EPSC with fixed latency was evoked. Stimulation intensity was adjusted just above the sharp threshold for activation of a synaptic response. Using such low minimal stimulations, no prominent polysynaptic activation was observed. MF stimulation was assessed by its large dynamic range of short-term facilitation (40 ms paired pulse ratio > 3 or 1 Hz/0.1 Hz ratio > 3). When pooling together all the cells recorded during this study, the average value obtained for the amplitude of unitary EPSC-AMPA was of 85 ± 11 pA (n = 45).
Pharmacologically isolated (20 μM 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX)) NMDAR-mediated EPSCs were recorded at +40 mV and at room temperature. To record NMDAR/ AMPAR ratios, AMPAR-EPSCs were first recorded in the voltage-clamp mode at −70 mV in the presence of bicuculline (10 μM) and CGP 55845 (3 μM).
NMDAR-mediated EPSC decay time was calculated using a double exponential fit of recorded EPSCs and tau weighted was calculated as follows:
In experiments with exogenous zinc applications, tricine (10 mM) was used to buffer zinc, and free zinc concentrations (3 nM to 1 μM range) were calculated using the following equation: [Zn] (Paoletti et al. 1997; Fayyazuddin et al. 2000; Nozaki et al. 2011) .
For experiments in which LTP-NMDAR at MF-CA3 synapses was evaluated, we have used trains consisting of 6 or 10 bursts of 6 stimuli at 50 Hz repeated every 140 ms (Rebola et al. 2008) .
Drugs
All drugs were obtained from Tocris Cookson (Bristol, UK), Sigma-Aldrich (St Louis, MO, USA) or Ascent Scientific (Bristol, UK). The protein kinase C active fragment (PKM) used in the experiment presented in Fig. 3G was purchased from Sigma-Aldrich. PKMζ used in experiments presented in Fig. 4 was purchased from ProQinase (Freiburg, Germany).
Data acquisition and analysis
Images were acquired via RS Image 1.9.2 using an Olympus BX50WI microscope linked to a Photometrics Cool Snap HQ camera. Recordings were made via Patchmaster 2.71 using an EPC10 amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany), filtered at 0.5-1 kHz, digitized at 5 kHz, and stored on a personal computer. Analysis was performed using Neuromatic (www.neuromatic.thinkrandom.com) written within the Igor Pro 6.0 environment (WaveMetrics, Lake Oswego, OR, USA). Values are presented as the mean ± SEM. Either a paired (Wilcoxon matched-pairs signed rank test) or an unpaired non parameteric test (Mann-Whitney and Kruskal-Wallis) was used to assess statistical differences between values using Prism 6 (GraphPad Software, San Diego, CA, USA). P < 0.05 was considered to be statistically significant. No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to those generally employed in the field. No data point (outliers) was removed from the collected datasets. n represents a single measurement from a single cell. We considered each different cell as a biological replication.
Results
Distinct NMDAR subunit composition at MF-CA3 and A/C-CA3 synapses
To examine the subunit composition of synaptic NMDARs in CA3 PCs, we recorded NMDAR-EPSCs (+40 mV and 1.3 mM Mg 2+ ) while stimulating either mossy or A/C fibres (MF-CA3 or A/C-CA3, respectively) and tested the effect of different NMDAR subunit-selective antagonists. High-affinity zinc inhibition of NMDARs is conferred by the presence of GluN2A subunits (Paoletti & Neyton, 2007) . Application of 300 nM zinc significantly reduced NMDAR-EPSC amplitude (48.1 ± 3.9% of control, n = 16, P < 0.0001, Wilcoxon's signed rank test to theoretical value of 100%) at MF-CA3 synapses, indicating the presence of GluN2A subunits (Fig. 1A , B and E). Importantly, recording NMDAR-EPSCs for 30 min, corresponding to the period of drug application, did not induce any significant change of the amplitude of synaptic NMDA currents (90.1 ± 7.4% of control, n = 13, P = 0.204, Wilcoxon's signed rank test to theoretical value of 100%). NMDAR-EPSCs evoked by stimulating A/C fibres (A/C NMDAR-EPSCs) were significantly less inhibited by 300 nM zinc (inhibition to 66.3 ± 4.3% of control, n = 10, P = 0.014 as compared to MF-CA3 inhibition; Fig. 1A , B and E). Zinc binding to GluN2A increases the proton affinity of NMDARs thus reducing peak currents and simultaneously increasing glutamate affinity resulting in the slowing down of NMDAR-currents. In agreement, NMDAR-EPSCs recorded in the presence of 300 nM zinc decayed with a slower time course at MF-CA3 (control: 75.7 ± 4.6 ms, n = 15; 300 nM zinc: 96.0 ± 7.3 ms, n = 15; P = 0.008) and A/C synapses (control: 83.8 ± 6.6 ms, n = 10; 300 nM zinc: 119.3 ± 15.6 ms, n = 10; P = 0.020). Ro25-6981 (1 μM), a selective inhibitor of GluN2B-containing NMDARs (Fischer et al. 1997) significantly inhibited NMDAR-EPSCs at A/C synapses (51.3 ± 3.9% of control, n = 15, P < 0.0001, Wilcoxon's signed rank test to theoretical value of 100%; Fig. 1C-E) , with a concurrent decrease in NMDAR-EPSCs decay kinetics (control: 102.4 ± 8.6 ms, n = 13; Ro25-6981: 79.1 ± 6.7 ms, n = 13; P = 0.0007). In contrast, Ro25-6981 had a much more modest effect on NMDAR-EPSCs recorded at MF-CA3 synapses (amplitude: 83.1 ± 5.4% of control, n = 23, P = 0.0002, Wilcoxon's signed rank test to theoretical value of 100%; decay kinetics: control: 84.5 ± 6.0 ms, n = 22; Ro25-6981: 67.1 ± 3.6 ms, n = 22; P < 0.0001; Fig. 1C-E) . Similar results were obtained for zinc (300 nM) and Ro25-6981 (1 μM) when recordings of NMDAR-EPSCs were performed at −50 mV and with low extracellular Mg 2+ (0.3 mM) (data not shown). These results indicate that the subunit composition of synaptic NMDARs differs at A/C and MF synapses of CA3 PCs, with MF-CA3 synapses presenting low levels of GluN2B-containing NMDARs.
Previous studies have suggested that MF-CA3 synapses express GluN2D/C subunits (Thompson et al. 2002; Berg et al. 2013) . We have tested this hypothesis using the recently developed allosteric potentiator selective for GluN2C-and GluN2D-containing NMDARs, (3-chlorophenyl)(6,7-dimethoxy-1-((4-methoxyphenoxy) methyl)-3,4-dihydroisoquinolin-2(1H)-yl)methanone (CIQ; 5 μM; Mullasseril et al. 2010 ). CIQ did not modify NMDAR-EPSCs recorded at both MF-CA3 synapses and A/C synapses (MF-CA3: 106.3 ± 8.2%, n = 9; A/C-CA3: 92.0 ± 12.6%, n = 7; P = 0.58 A/C, P = 0.57 MF, Wilcoxon's signed rank test to theoretical value of 100%; Fig. 1E ).
The presence of synaptic tri-heteromeric NMDARs, which contain more than one type of GluN2 subunit, significantly modifies the effectiveness of selective antagonists making it difficult to estimate levels and functional impact of the different GluN2 subunits using only pharmacological approaches (Hansen et al. 2014; Stroebel et al. 2014) . To overcome this limitation, we have estimated the participation of the different GluN2 subunits to synaptic NMDARs at MF-CA3 synapses using GluN2-specific KO mice. In line with the pharmacological data, removal of GluN2A subunits resulted in a marked slowing down of MF-CA3 NMDAR-EPSCs (GluN2A WT: 70.7 ± 16.5 ms, n = 9; GluN2A KO: 239.0 ± 42.5 ms, n = 10; P = 0.0053; Fig. 2A, C and D) confirming the presence of GluN2A subunits at MF synapses. Because the remaining synaptic current displays slow decay kinetics, this suggests that in GluN2A KO mice, GluN2A subunits are most likely replaced by di-heteromeric GluN1-GluN2B NMDARs at MF-CA3 synapses. In agreement, Ro25-6981 (1 μM) application strongly inhibited MF-CA3 NMDAR-EPSCs (35.6 ± 8.9% of control, n = 6, P = 0.031, Wilcoxon's signed rank test to theoretical value of 100%) in GluN2A KO mice. Knock-out of the GluN2A subunit resulted in a significantly smaller NMDAR/AMPAR ratio as compared with WT littermates (GluN2A WT: 0.52 ± 0.06, ) . M and N, sample traces and summary graph illustrating that the I-V curve recorded in GluN2D KO mice does not differ from that recorded in control littermate WT mice (GluN2D WT n = 6; GluN2D KO n = 8).
[Colour figure can be viewed at wileyonlinelibrary.com] n = 16; GluN2A KO: 0.30 ± 0.03, n = 23; P = 0.0023) ( Fig. 2A and B) . The decrease in NMDAR/AMPAR ratio may result either from a decrease in density/open probability of synaptic NMDARs or from an increase in the AMPAR component. To differentiate between the two possibilities we compared the absolute amplitudes of MF-EPSCs evoked using a minimal stimulation protocol.
In agreement with a selective reduction in the NMDAR component, the amplitude of AMPAR-EPSCs was similar in GluN2A WT and GluN2A KO mice (GluN2A WT: 126.2 ± 23.0 pA, n = 9; GluN2A KO: 129.9 ± 18.3 pA, n = 12; P = 0.9) while the amplitude of NMDAR-EPSCs was significantly smaller in GluN2A KO mice (GluN2A WT: 40.4 ± 5.8 pA, n = 9; GluN2A KO: 24.6 ± 3.7 pA, n = 12; P = 0.9). In contrast to GluN2A KO mice, homozygous genetic knockout of GluN2B subunits results in mouse death at postnatal day 0 (P0) (Kutsuwada et al. 1996) . To overcome this limitation we infected floxed-GluN2B transgenic mice at P21 with an AAV virus encoding Cre recombinase. This resulted in the removal of the GluN2B subunit in a small number of CA3 PCs. MF-CA3 NMDAR-EPSCs were insensitive to inhibition by Ro25-6981 in these cells (GluN2B WT: 87.8 ± 6.2% of control, n = 12; GluN2B KO: 103.3 ± 3.9% of control, n = 10; P = 0.03). Surprisingly, and in contrast with the modest effect of Ro25-6981 in WT mice, MF-CA3 NMDAR-EPSCs were markedly faster in GluN2B KO neurons (GluN2B WT: 89.35 ± 8.0 ms, n = 13; GluN2B KO: 47.5 ± 4.4 ms, n = 18; P < 0.0001; GluN2B WT + Cre: 84.5 ± 7.7 ms, n = 16; Fig. 2E , G and H). These results suggest that, although of relatively low abundance, GluN2B subunits significantly impact on the functional properties of NMDARs at MF-CA3 synapses. Not surprisingly, removal of GluN2B subunits also accelerated NMDAR-EPSCs recorded at A/C synapses (GluN2B WT: 110.0 ± 12.8 ms, n = 8; GluN2B KO: 72.4 ± 7.1 ms, n = 10; P = 0.03). Removing GluN2B subunits did not result in a significant modification of the NMDAR/AMPAR ratio (GluN2B WT: 0.37 ± 0.09, n = 12; GluN2B KO: 0.22 ± 0.05, n = 12; P = 0.19; Fig. 2E and F) . We completed our genetic approach by testing the consequences of GluN2D ablation on MF-CA3 NMDAR-EPSCs. We have found that in GluN2D KO mice neither the NMDAR/AMPAR ratio (GluN2D WT: 0.53 ± 0.06, n = 19; GluN2D KO: 0.46 ± 0.06, n = 16; P = 0.62), nor the decay kinetics of MF-CA3 NMDAR-EPSCs (GluN2D WT: 90.6 ± 6.6 ms, n = 9; GluN2D KO: 102.3 ± 11.3 ms, n = 7; P = 0.29) were altered as compared to slices from WT littermates (Fig. 2I and L) . In addition, the I-V curves for MF-CA3 NMDAR-EPSCs did not reveal any difference in magnesium sensitivity between WT and GluN2D KO mice ( Fig. 2M and N) . Overall, both our genetic and our pharmacological data strongly suggest the absence of GluN2D subunits at MF-CA3 synapses. Surprisingly, however, inhibition of NMDAR-EPSCs by Ro25-6981 was significantly increased in GluN2D KO mice (GluN2D WT: 88.0 ± 12.8% of control, n = 8; GluN2D KO: 47.4 ± 4.4% of control, n = 7; P = 0.0019), indicating a higher content of GluN2B at MF-CA3 synapses in these mice. A possible interpretation of these results is that the removal of GluN2D during development results in a delayed maturation of the GluN2 composition of synaptic NMDARs at MF-CA3 synapses (Yamasaki et al. 2014 ).
Activity-induced changes in NMDAR subunit composition at MF-CA3 synapses
During development, the subunit composition of synaptic NMDARs switches from a predominance of GluN2B-containing to GluN2A-containing receptors (Paoletti et al. 2013) . At neonatal synapses, this developmental change in subunit composition of synaptic NMDARs is under rapid, bidirectional control depending on the pattern of synaptic activity (Bellone & Nicoll, 2007) . MF-CA3 synapses were recently shown to express LTP selective for NMDAR-EPSCs (LTP-NMDAR) (Kwon & Castillo, 2008; Rebola et al. 2008) . We thus examined whether LTP-NMDAR was accompanied by a change in the subunit composition and properties of NMDARs. LTP-NMDAR, induced with six bursts of five MF stimuli at 50 Hz, lasted for at least 50 min (Rebola et al. 2008) (Fig. 3A) . Twenty minutes after LTP induction, we applied subunit-selective antagonists to test for a potential switch in subunit composition. Strikingly, Ro25-6981 (1 μM), which inhibits MF-CA3 NMDAR-EPSCs by only 10-15% in control conditions (Fig. 1 ), led to a pronounced inhibition of NMDAR-EPSCs after LTP induction (63.7 ± 2.6% of control, n = 9, P = 0.0072, Mann-Whitney test between LTP 40-50 Ctr and LTP 40-50 Ro25-6981) (Fig. 3A-C) followed by a significant acceleration of MF-CA3 NMDAR-EPSCs (decay kinetics: control: after LTP 92.2 ± 5.0 ms, n = 8; after LTP + Ro25-6981: 72.8 ± 3.2 ms, n = 8; P = 0.02). The recruitment of GluN2B subunits is expected to slow down NMDAR-EPSCs whereas no significant change of NMDAR-EPSC kinetics was observed after LTP when all data were pooled (control: 91.9 ± 4.1 ms; after LTP: 99.5 ± 4.3 ms, n = 18; P = 0.15). However, a detailed analysis revealed that MF-CA3 synapses presenting robust potentiation (>50%) displayed NMDAR-EPSCs with a significantly slower decay ( Fig. 3D and E) in agreement with the recruitment of GluN2B subunits. Interestingly, the level of LTP was negatively correlated with the initial decay of MF-CA3 NMDAR-EPSCs (Fig. 3F) . These results suggest that at MF-CA3 synapses, the initial synaptic content in GluN2B subunits is quite variable and that LTP-NMDAR preferentially occurs at synapses with lower densities of GluN2B subunits. LTP-NMDAR not only increases the density of NMDARs, but also induces an enrichment in GluN2B subunits with a consequent slowing down of NMDAR-EPSC decay kinetics.
At MF-CA3 synapses, PKC activation is necessary for LTP-NMDAR and its pharmacological activation is sufficient to potentiate NMDAR-EPSCs (Kwon & Castillo, 2008) . We thus tested if PKC activation was sufficient to induce changes in the subunit composition of NMDARs. We included PKM (the active catalytic subunit of PKC) (0.3 μM) in the patch pipette solution and we continuously recorded NMDAR-EPSCs from CA3 PCs. Infusion of PKM in CA3 PCs induced a clear potentiation of NMDAR-EPSCs, which stabilized after 30-40 min (Fig. 3G) . The sensitivity of MF-CA3 NMDAR-EPSCs to Ro25-6981 was tested after reaching a stable baseline. In these conditions Ro25-6981 induced a significant inhibition of MF-CA3 NMDAR-EPSCs (34.6 ± 7.3%, n = 10, P = 0.01, Fig. 3H and I) . These results indicate that LTP-NMDAR results in the enrichment of GluN2B containing NMDARs at MF-CA3 synapses, most likely through a PKC-dependent mechanism.
Role of NMDAR subunits in LTP-NMDAR at MF-CA3 synapses
We then tested the dependence of LTP-NMDAR at MF-CA3 synapses on the different NMDAR subunits. For this, we examined whether LTP-NMDAR could still be induced in GluN2A, GluN2B and GluN2D KO mice. While short bursts of MF stimulation (6 bursts of 5 MF stimuli at 50 Hz) induced LTP-NMDAR in GluN2A and GluN2D KO mice, no LTP-NMDAR was observed after ablation of GluN2B (GluN2A KO: 139.4 ± 11.3%, n = 11; GluN2B KO: 99.5 ± 5.1%, n = 9; GluN2D KO: 136.3 ± 10.6%, n = 9; Kruskal-Wallis test, Dunn's test for multiple comparison, P = 0.002; Fig. 4A-D) . A more robust stimulation protocol (10 bursts of 5 MF stimuli at 50 Hz) failed to induce LTP-NMDAR in GluN2B KO, suggesting that the lack of plasticity was not simply due to an initial smaller NMDAR-EPSC peak amplitude (GluN2B WT: 145.5 ± 12.1%, n = 8; GluN2B KO: 107.4 ± 7.3%, n = 7; * P < 0.05 vs. WT, Mann-Whitney test) ( Fig. 4E and  F ). This conclusion is further supported by the presence of LTP in the GluN2A KO mice where, despite a pronounced decrease in NMDAR/AMPAR ratio as compared to WT mice (Fig. 2) LTP-NMDAR is still present (Fig. 4D) . Importantly, presynaptic function evaluated by frequency facilitation (percentage increase in EPSC peak amplitude while varying stimulation frequency between 0.1 and 1 Hz) was not altered by removing GluN2B subunits from CA3 PCs (GluN2B WT: 291.3 ± 38.1%, n = 8; GluN2B KO: 304.9 ± 34.2%, n = 9; Fig. 4G and H) . Overall we can conclude that GluN2B subunits are essential for the induction and/or the expression of LTP-NMDAR in MF-CA3 synapses.
In an attempt to get more insight into the role of GluN2B subunits in LTP-NMDAR, we directly tested the effect of PKC activation in cells where GluN2B subunits have been selectively removed. PKC activation has been previously shown to occlude LTP of NMDARs suggesting that this kinase is indeed necessary and sufficient to induce potentiation of NMDARs at MF-CA3 synapses (Kwon & Castillo, 2008) . Infusion of PKMζ (20 nM; see Tsokas et al. 2016) into CA3 PCs induced a robust potentiation of NMDAR-EPSC peak amplitude in wild-type but not in GluN2B KO neurons (WT: 139.6 ± 14.4%, n = 10; GluN2B KO: 90.8 ± 14.5%, n = 9; P = 0.027, Mann-Whitney test; Fig. 4I-L) . Interestingly, the increase in peak amplitude was followed by a tendency for a slowing down of NMDA-EPSPC decay that was not statistically significant (control (1-4 min): 85.2 ± 8.6 ms, n = 10; after PKC (36-40 min): 106.0 ± 11.44 ms, n = 10; P = 0.064, Mann-Whitney test; Fig. 4L ). Overall this suggests that GluN2B subunits are essential for LTP-NMDARs at MF synapses by controlling the potentiation of synaptic NMDARs after PKC activation and not by acting at the induction phase.
Discussion
The heterogeneity of expression levels, properties and subunit composition of synaptic NMDARs likely has a considerable impact on the function and plasticity of neuronal circuits. Here we have combined NMDAR subunit-specific pharmacological tools and transgenic mice to show that the subunit composition of synaptic NMDARs at distinct inputs to single CA3 PCs differs. Importantly, we observe that LTP-NMDAR requires synaptic GluN2B and that the subunit composition and synapses is impaired when GluN2B subunits are removed. D, summary plot of the amplitude of LTP-NMDAR in WT and after the selective removal of GluN2A, GluN2B or GluN2D subunits ( * * P = 0.002, Kruskal-Wallis test followed by Dunn's multiple comparisons test). E and F, sample traces and time course illustrating that LTP-NMDAR at MF-CA3 synapses cannot be induced in GluN2B KO mice even when the induction protocol was increased to 10 bursts of stimulations ( * P < 0.05 KO vs. WT, Mann-Whitney test). G and H, sample traces and summary bar graphs illustrating that short term plasticity such as frequency facilitation is not altered by the removal of GluN2B subunit. In all panels, values are presented as mean ± SEM of n experiments. I, time course of NMDAR-EPSC peak amplitude observed at MF-CA3 synapses after infusion of PKMζ into CA3 PCs through the intracellular solution in WT and GluN2B KO neurons. J, representative traces illustrating that potentiation effect of PKMζ NMDAR-EPSCs is absent when GluN2B subunits are removed. K, summary plot of PKMζ effect in NMDAR-EPSC peak amplitude in WT and GluN2B KO neurons ( * P = 0.03, Mann-Whitney test). L, bar graph resuming the effect of PKMζ infusion in NMDAR-EPSC decay kinetics in WT and GluN2B KO CA3 PCs. [Colour figure can be viewed at wileyonlinelibrary.com]
properties of synaptic NMDARs at MF-CA3 synapses are subject to activity-dependent plasticity. Both the GluN2A and GluN2B subunits of NMDARs are expressed in adult brain neurons (Monyer et al. 1994) . NMDARs with distinct subunit compositions can segregate to specific synaptic inputs in a given layer V neuron of the neocortex (Kumar & Huguenard, 2003) . Whether this is a general feature of NMDARs to meet the needs of neuronal computation is not thoroughly documented. In CA3 PCs, GluN2B appears more abundant at synapses formed by contralateral inputs from other CA3 PCs than those formed by ipsilateral inputs (Kawakami et al. 2003) . Functional NMDARs are less abundant at MF-CA3 synapses as compared to A/C synapses in CA3 (Rebola et al. 2011) . Our experiments indicate in addition a different subunit composition of synaptic NMDARs at MF-CA3 and A/C-CA3 synapses, with a markedly higher proportion of GluN2B in the latter. The reduced presence of GluN2B subunits at MF-CA3 synapse in basal conditions is in agreement with scarce immunocytochemical labelling of GluN2B subunits in the stratum lucidum (Fritschy et al. 1998; Watanabe et al. 1998) as well as with modest inhibition of the MF-CA3 NMDAR-EPSCs peak amplitudes by ifenprodil (Wyeth et al. 2014) .
Because Ro25-6981 binds tri-heteromeric GluN1/ GluN2A/GluN2B NMDARs with high affinity but has a reduced maximum inhibition (Paoletti et al. 2013) , the limited inhibition by Ro25-6981 observed may indicate that most GluN2B subunits are included in tri-heteromeric NMDARs. Decay kinetics are dominated by GluN2A subunits in tri-heteromeric GluN1-GluN2A-GluN2B NMDARs (Hansen et al. 2014; Stroebel et al. 2014) . At MF-CA3 synapses, the decay kinetics of NMDAR-EPSCs in WT mice is closer to the decay kinetics obtained for GluN1/GluN2A homodimers (in GluN2B KO cells) suggesting that GluN2B subunits are most likely part of tri-heteromeric GluN1-GluN2A-GluN2B NMDAR assemblies. Interestingly, the kinetics of NMDAR-EPSCs and their sensitivity to Ro25-6981 appear to vary within MF-CA3 synapses, suggesting a heterogeneous content of GluN2B. Nonetheless, the acceleration of NMDAR-EPSCs observed at MF synapses after Ro25-6981 application suggests that not all NMDARs are tri-heteromeric. Overall, our data suggest a predominance of tri-heteromeric NMDARs at MF-CA3 synapses with a small participation of di-heteromeric NMDARs.
The genetic removal of GluN2B subunits from CA3 PCs accelerates NMDAR-EPSCs at both MF-and A/C-CA3 synapses. Interestingly, in CA3 PCs from GluN2B KO mice, in which a homogeneous distribution of GluN1-GluN2A di-heteromeric receptors is expected, the decay of NMDAR-EPSCs was still significantly slower at A/C synapses. The most straightforward explanation for this observation is that distal NMDAR-EPSCs originating in A/C synapses are subject to higher dendritic filtering as compared to the more proximal MF inputs. This conclusion is further supported by previous work where an artificial EPSC waveform with kinetics (rise 3 ms and decay 30 ms) similar to the expected for GluN1-GluN2A di-heteromeric receptors induced a pronounced voltage escape during voltage-clamp experiments along the distal dendrites of pyramidal neurons (Williams & Mitchell, 2008) .
LTP-NMDAR can be readily induced in GluN2A KO mice (and in GluN2D KO mice), but not in GluN2B KO mice, indicating a crucial role for GluN2B in either the induction or the expression of LTP. The reduced NMDAR-EPSC amplitude and the faster decay combine to decrease the overall charge of NMDAR currents at MF-CA3 synapses in GluN2B KO CA3 PCs. However, increasing the strength of the LTP induction protocol did not mitigate the loss of LTP suggesting that it is not a simple consequence of the decrease in the charge of synaptic NMDAR events. Interestingly, we observed an increased sensitivity to the GluN2B antagonist and a slower decay of NMDAR-EPSCs following LTP-NMDAR, strongly supporting the notion that LTP is accompanied by an insertion of GluN2B-containing NMDARs. In agreement, bypassing the induction phase of LTP-NMDAR by activating directly the downstream pathway through infusion of active PKC in CA3 neurons resulted in a potentiation of NMDARs in WT but not in GluN2B KO neurons. Hence, GluN2B subunits play a critical role in the expression of LTP-NMDAR.
The activity-dependent insertion of GluN2B-containing NMDARs at MF-CA3 synapses following LTP is rather unexpected. At Schaffer collateral-CA1 pyramidal cell synapses, in neonates and juvenile mice, LTP-NMDAR is rather paralleled by an increased content of GluN2A (Bellone & Nicoll, 2007; Peng et al. 2009 ). In mature midbrain dopamine neurons LTP-NMDAR does not lead to any apparent change in subunit composition (Harnett et al. 2009 ). Synaptic incorporation of GluN2B-containing NMDARs is thought to be constitutive and not to require synaptic activity in contrast to GluN2A-containing NMDARs, which is activity-dependent (Storey et al. 2011 ). An increased number of functional NMDARs containing GluN2B was observed at single synapses in dissociated neuronal cultures following prolonged synaptic inactivity, whereas activity led to the insertion of NMDARs with GluN2A subunits (Lee et al. 2010) .
PKC activation plays a fundamental role in LTP-NMDAR at MF-CA3 synapses (Kwon & Castillo, 2008) . Interestingly, activation of PKC with intracellular phorbol 12-myristate 13-acetate (PMA) application into hippocampal CA1 PCs induces an increase in peak amplitude and slowing down of decay kinetics of NMDA J Physiol 596.4 currents, similar to the effect observed during LTP-NMDAR at MF-CA3 synapses. In CA1 neurons, the PMA effect on NMDAR-EPSCs is dependent on CaMKII activation and is totally blocked by a Tat-GluN2B peptide that disrupts GluN2B-CaMKII interaction, whereas a similar peptide targeting GluN2A subunits only reduces the PMA effect by half (Yan et al. 2011) . According to such a model, it is tempting to speculate that the preferential interaction between GluN2B subunits and CaMKII could explain the dependence of LTP-NMDAR at MF-CA3 synapses on the GluN2B subunit.
The dependence of LTP-NMDAR on the GluN2B subunit seems at odds with our observations that MF-CA3 synapses with faster initial NMDAR-EPSCs present higher LTP levels. This apparent discrepancy can be related to the fact that in control conditions some MF-CA3 synapses may be already in a potentiated state. MF-CA3 synapses with faster decay kinetics may represent a more homogeneous synaptic population that are in an unpotentiated state. Interestingly, the heterogeneity of NMDARs across MF-CA3 synapses, according to decay kinetics and Ro25-6981 sensitivity, may reflect these different states of potentiation.
It is well established that synaptic NMDAR composition influences the induction of Hebbian synaptic plasticity of AMPAR-EPSCs (Barria & Malinow, 2005) . Although the exact contribution of GluN2A and GluN2B to synaptic plasticity has been debated, it appears that when the ratio of GluN2A to GluN2B increases, stronger stimulation is required to induce LTP (Yashiro & Philpot, 2008) . We speculate that insertion of GluN2B-containing NMDARs following LTP-NMDAR at MF-CA3 synapses may facilitate at least in part the metaplastic switch making these synapses competent for expression of Hebbian plasticity of AMPAR-EPSCs (Rebola et al. 2011) .
In addition, following LTP-NMDAR, MF-CA3 synapses display slower NMDAR-EPSCs, hence favouring synaptic integration and spike transmission (Rebola et al. 2011) . These changes in biophysical properties of NMDAR-EPSCs may also play a role in heterosynaptic plasticity (Hunt et al. 2013) . It remains to be determined if the converse LTD of NMDARs (Hunt et al. 2013) or possible depotentiation mechanisms lead to a reversal of NMDARs to a lower GluN2B to GluN2A ratio.
In conclusion, NMDARs at mature synapses are heterogeneous across inputs in a given neuron, as well as within a specific input such as at MF-CA3 synapses. Even at the adult stage, NMDARs can undergo plasticity and changes in their subunit composition in an activity-dependent manner, further increasing the heterogeneity between synapses. This heterogeneity may play an important role both in synaptic integration and neuronal computation as well as in the plasticity repertoire which a given neuron can express, hence extending the storage capacity of the brain (Bartol et al. 2015) .
